We proposed and demonstrated an optical fiber Fabry-Perot (F-P) sensor with long sensing length for strain measurement. The structure of the sensor was fabricated with a simple process by splicing a long single mode fiber (SMF) with a short section of hollow-core fiber (HCF). The end of the SMF was cleaved with smooth reflective surface which hence allows the sensing length of the proposed sensor can achieve several centimeters with good visibility. Sensors with different sensing lengths were fabricated and experimentally analyzed in this paper. The relationship between the optical path difference (OPD) of the sensor and strain is found to be linear. With the sensing length of ∼10 mm and ∼49 mm, the sensor can achieve the OPD strain sensitivity of 20.42 nm/με and 115.57 nm/με at 1550 nm over the range of 1000 με respectively. Besides, with the sensing length of ∼10 mm, the OPD temperature sensitivity of the sensor was 187.64 nm/°C. With the advantages of easy making, low cost and long sensing length, it is anticipated that the proposed sensor has great potential in measuring the strain with a large distribution.
Introduction
Nowadays, the measuring and monitoring of strain is of great significance in civil engineering, aerospace, marine and other industrial fields [1] , [2] . Due to the limitation of the material inherent shortcomings, the traditional electrical sensors are difficult to meet the requirements of strain measuring when applied in the harsh environment of flammable, conductive, high temperature, explosive and strong corrosion [3] , [4] .
Compared with the traditional electrical sensors, the fiber-optic strain sensors have been widely studied and applied owing to their unique advantages of compact size, immunity to electromagnetic interference, resistant to corrosion and permissible embedment [5] . So far fiber Bragg gratings sensors (FBG) [6] , [7] have been developed rapidly due to their advantages of high multiplexing capability and high sensitivity. However, due to the limited length of the grating region, the strain can only be measured point by point. Hence, such strain sensors cannot meet the requirement when the distribution of strain is very large. The Mach-Zehnder interferometers (MZIs) [8] , [9] , and Sagnac interferometers (SIs) [10] , [11] have the advantage of high sensitivity and relatively high response speed. However, due to the two arms, these interferometers are limited by the big size and the complicated structure, which make them difficult to apply in practical strain measurement. On the other hands, optical fiber Fabry-Perot (F-P) sensors [12] , [13] have attached much attention and provide possibilities for a variety of strain sensing in practical due to their advantages of simple configuration and high sensitivity. However, for the extrinsic Fabry-Perot sensors (EFP), due to the limitation of the high transmission loss of their air gap, it is useless to form a long cavity length, the strain-induced deformation of such a short cavity is insufficient for measuring the desired strain distribution during practical applications. In order to enlarge the sensing length, a composite-cavitybased F-P strain sensor have been reported in [14] , but the sensors compromised its stability and the size of the structure. Then the strain sensor with the structure of the long active length F-P micro-cavity was presented in [15] to overcome the shortcomings mentioned above, and the sensing length reported in [15] was 360 με. However, as the process of increasing the sensing length, the thickness of the outer wall and the diameter of the inner taper will be influenced by the etching factor, which may have an effect on the characteristic of the sensor. Recently, hybrid structured F-P interferometric sensors have been introduced. A novel design of inline F-P sensor was presented by Sirkis et al. [16] where the sensing cavity was fabricated by means of splicing a short section of hollow-core fiber (HCF) in between two sections of SMF. With the limitation of the high transmission loss of the HCF, it has the same problem in enlarging the length of the cavity. As the theoretical analysis presented by [17] , the strain sensitivity of sensor is relevant to the shape and dimensions of micro-cavity. More recently, strain sensors based on photonic crystal fiber (PCF) have been reported by Rao et al. [18] and Tian et al. [19] , as the loss of the transmission of the PCF is much smaller than that of the HCF, the cavity length of the sensor can enlarged up to several millimeters with a good fringe visibility. The fabricating methods mentioned above generally require high-cost micromachining or instrument, and still cannot meet the requirement when the distribution of strain is large due to the limitation of the sensing length.
In this paper, an F-P sensor based on HCF-SMF structure with long sensing length for strain measurement has been proposed and demonstrated. The whole structure was fabricated by a relatively simple and low-cost method which only includes fiber cleaving and splicing. The cavity length of the proposed sensor can be controlled to a few centimeters or even tens of centimeters in order to meet the requirement of a large strain distribution. With the cavity length of ∼10 mm and ∼49 mm, the OPD strain measurement sensitivity of 23.19 nm/με and 115.57 nm/με are achieved experimentally respectively. In addition, the temperature response of the sensor has also been studied, with the sensing length of ∼10 mm, the OPD temperature sensitivity of 187.64 nm/°C is achieved. With the advantage of easy fabricating, low cost and long sensing length, the proposed sensor is very suitable for the strain measurement with a large distribution. Fig. 1 illustrates the schematic of the proposed F-P strain sensor which is based on HCF-SMF structure. The proposed sensor structure is manufactured with a simple and low-cost method which only involves steps of cleaving and fusion splicing of optical fibers, the detailed operation steps are as follows.
Sensor Fabrication and Sensing Principle

Structure Design and Fabrication of the Sensor
To fabricate the proposed strain sensor, a commercial electric-arc fusion splicer and a mechanical fiber cleaver (S326) are required. A section of HCF (TSP075150) is first spliced to the SMF. The core diameter of the HCF is 75 μm and the outer diameter is 150 μm. Before the fusing process, the polymer coating layer of the HCF is all removed by the burning method and the outer diameter R then becomes 125 μm, this is comparable to the outer diameter of the SMF, which makes the fusion easier and more convenient. What is worth mentioning is that in order to ensure the robustness of the structure appropriate fusion splicing parameters should be adopted. We also noted that in order to avoid the fusion collapse issue occurring on the fiber, we should make the tip of capillary departing from the discharge electrode. After the fusing process, only a short section of the HCF is retained by cleaving under inspection of a microscope monitor equipment with the fiber cleaver to obtain the first required cavity of L 1 . Then the structure mention above is spliced with another section of SMF and form another F-P cavity of L 2 , according to the above method. The preset parameter settings are as follows: the discharge time of 700 ms, the discharge power of 20 units, first push distance of 15 μm. The other end face of the sensing SMF is cleaved to form a smooth reflector. Fig. 2 shows the typical macroscopic and optical microscope image of the fabricated F-P strain sensing structure with the sensing length of ∼20 cm. From Fig. 2(b) , it is clear that there is no collapse occurring at the fusion point, which is achieved by optimizing the splicing parameters.
Operating Principle of Sensing
As is shown in Fig. 1 , when the light passes through the SMF, it can be reflected at the reflective mirrors R 1 , R 2 and R 3 in sequence. The F-P strain sensor contains three cavities: a micro HCF cavity, a long SMF cavity and a combined cavity. The HCF cavity named FP 1 with a length of L 1 is formed between R 1 and R 2 . The long SMF cavity named FP 2 with a cavity length of L 2 is formed between R 2 and R 3 . The combined cavity formed between R 1 and R 3 is a combination of FP 1 and FP 2 with a cavity length of L 1 + L 2 . The HCF is used to provide the R 2 reflector and the cavity L 2 performs as the strain sensing part. The sensing principle of the proposed sensor can be approximated as the theory of the interference and superposition of multiple light beams. The intensity of the reflected interference fringe can be expressed as the multiple-beam interference equation:
where I 1 , I 2 and I 3 are the intensity of three beams of reflected light, ϕ 1 and ϕ 2 are the propagation phase difference in the cavity FP 1 and FP 2 , respectively, which can be given by:
where λ is the wavelength of the incident light, n H CF and n SM F are the refractive index of the cavity FP 1 and FP 2 , respectively. There will be an interference fringe valley appeared and the fringe visibility is optimized to maximum when the phase matching condition of is satisfied with ϕ = (2m + 1)π, where m is an integer. The optical path difference (OPD) between R 2 and R 3 is
When the stain ε is applied to the F-P sensing cavity, due to the deformation and the stress-optic effect in the silica fiber, the OPD change can be derived as:
The relationship between the strain and refractive index change caused is
where p 11 , p 12 are components of strain-optic tensor, υ is Poisson's ratio and ε = L 2 /L 2 . Therefore, the total OPD change can be derived as
where P e = n 2 SM F 2 (p 12 − υ( p 11 + p 12 )) (
is the well-known effective strain-optic constant. For the SMF mentioned above, p 11 = 0.113, p 12 = 0.252, υ = 0.16, n SM F = 1.4682. Thus, P e = 0.21.
Experiment and Discussion
Experiment Device
The experimental setup for strain measurement is illustrated in Fig. 3 . Through a 3 dB fiber coupler, a launching of the light from the tunable laser (Keysight 81607A) was first coupled into the sensor. After that, the reflected interference signal from the sensor was monitored by the optical power (Keysight 8136B). We chose a pure curved beam experimental device (XL3416) to supply the strain. As is shown in Fig. 3 , the F-P strain sensor was tightly bonded onto the metal beam using adhesive glues. Meanwhile, in order to provide the reference strain measurements, an electrical strain gauge was also mounted next to the tested F-P sensors. A computer is used for the signal Fig. 3 . Experiment setup for the strain measurement using the HCF-SMF structure. processing. When the stress was applied to the center of the metal beam by means of rotating the loading hand wheel, the strain provided by the pure bending of the metal beam was measured by the F-P strain sensor and the electrical strain gauge, respectively. The experimental device allows us to adjust the strain precisely within 1 με. Fig. 4 shows the measured interference spectra under normal environmental condition. Fig. 4(a) and Fig. 4(b) show the interference spectra characteristic corresponding to FP 1 and FP 2 after fitting with the spectral resolution of 4 pm and 1 pm, respectively. The FP 1 cavity has a good fringe contrast and the measured spectral peak wavelengths indicate 35 μm long cavity approximately, and the FP 2 cavity length is about 49 mm after calculating. The interference fringe contrast of the reflection spectrum of the sensor with the length of 10 mm and 49 mm is 0.631 and 0.368, respectively. In this paper, the length of FP1 is ∼35 μm, in practical application, we can choose the sensor with appropriate HCF length in order to adapt to different requirements. 
Sensor Characteristic
Test Results and Analysis
To demodulate the OPD from the superimposed interference spectrum, the Fast Fourier Transformation (FFT) algorithm and OPD calculating method was combined and applied. Firstly, we transformed the discrete interference spectrum signal from the wavelength domains to the frequency domains, according to the theoretical requirements of the FFT algorithm. In order to improve the demodulation accuracy, a cubic spline interpolation method was used for frequency sampling at equal intervals δν. The peak of the frequency component is dependent on the OPD, by properly filtering according to the position of the peak of the frequency, we can obtain the interference spectrum corresponding to the distinctive frequency component of FP 1 and FP 2 respectively, which has been reported in [20] . Hence, the wavelength of the interference spectrum of our F-P cavity for sensing can be obtained. We carried out the strain sensing measurement to test the feasibility and capability of the proposed sensor. In order to protect the R 3 reflector, the tail of the sensor was fusion-spliced with another section of HCF. To investigate the responses of sensor to the applied strain with different cavity lengths, we recorded the reflection spectra of the strain sensor in the strain range of 1000 με at an increase of 50 με. Fig. 5(a) illustrates the changes in the interference spectrum with different strain. It can be observed that the peaks of the interference fringes gradually shift toward the longer wavelength direction as the strain increases. The measured OPD change due to strain is illustrated in Fig. 5(b) . The linear fitting results indicates that the variation of the OPD is dependent on the strain as theoretically analyzed above, the relationship between the variation of OPD and the strain maintains a good linearity, and the OPD strain sensitivity of the sensor is enhanced from 20.42 nm/με to115.57 nm/με while the cavity length is increased from ∼10 mm to ∼49 mm, which is basically consistent with the theoretical value of 23.19 nm/με and 116.45 nm/με, respectively. The strain sensor with longer cavity length can achieve higher strain sensitivity, hence, the strain sensitivity of the sensor can be enhanced by means of enlarging the cavity length via fusion-spliced technique.
We also demonstrated the temperature responses of the proposed sensor with a cavity length of ∼10 mm. When the temperature changes, considering the influence of thermo-optical effect and the thermal expansion of the fiber, the OPD change ∂ /∂T can be deduced as
where
T is the well-known coefficient of thermal expansion. For silica under the normal temperature condition, α T is about 0.5 × 10 −6 / • C, ζ T = 1 n SM F ∂n SM F ∂T is the thermo-optical coefficient. For silica fiber, it is about 6.45 × 10 −6 / • C. To investigate the temperature response, we placed the proposed sensor into the temperature-controlled oven. The temperature was gradually increased from 0°C to 80°C with a step of 10°C. To ensure the accuracy of the measurement results, each time after the temperature reached the preset value, we stabilized it for 15 min and record the spectrum. As is shown in Fig. 6(a) , a clear red shift of the interference peak with the increase of temperature can be observed. Fig. 6(b) shows the change of the OPD changes as the temperature increases, the relationship between the variation of OPD and the temperature maintains a good linearity, and the obtained OPD temperature sensitivity is 187.64 nm/°C, which is almost consistent to the theoretical value of 204.05 nm/°C. We can see that the thermal crosstalk for strain sensing has not been solved completely and the degree of crosstalk is similar to that of fiber grating sensors [21] . In practical application, when the temperature varies widely or high-precision measurement strain is required, we can use the FBG sensor to obtain the temperature information and utilize the currently known temperature compensation method to reduce the cross-influence of temperature on strain sensing.
Conclusion
In conclusion, we proposed and demonstrated an F-P sensor with long sensing length for strain measurement in this letter. The sensor based on HCF-SMF structure was fabricated with a simple method of fusion-spliced technique. The sensing principle and performance of the strain sensor was theoretically and experimentally analyzed. The experiment demonstrated that the strain can be determined by using Fourier algorithm and tracing the OPD change of sensor in response of strain. With the sensing length of ∼10 mm and ∼49 mm, the proposed sensor exhibited an OPD strain sensitivity of 20.42 nm/με and 115.57 nm/με, respectively. In addition, the OPD temperature sensitivity of 187.64 nm/°C was obtained with the sensing length of ∼10 mm in the range from 0°C to 80°C. With the advantage of the long sensing length, low-cost fabricating, the F-P strain sensor based on HCF-SMF structure has a great potential in strain sensing application with a large distribution.
